Background. High-grade anal intraepithelial neoplasia (AIN2/3; HGAIN) is highly prevalent in human immunodeficiency virus positive (HIV+) men who have sex with men (MSM), but only a minority will eventually progress to cancer. Currently, the cancer risk cannot be established, and therefore all HGAIN is treated, resulting in overtreatment. We assessed host cell deoxyribonucleic acid (DNA) methylation markers for detecting HGAIN and anal cancer.
Anal cancer is relatively uncommon in the general population (1-2 cases per 100 000 person-years) [1] . However, incidence rates are increasing and the highest incidence rates are seen in human immunodeficiency virus positive (HIV+) men who have sex with men (MSM), with rates up to 109 per 100 000 person-years since the introduction of combination antiretroviral therapy [2] .
Anal squamous cell carcinoma (SCC) accounts for the vast majority of anal cancers and, similar to cervical SCC, is caused by a persistent high-risk human papillomavirus (hrHPV) infection, most notably HPV16 [3] . Anal cancer develops through several precancerous stages, called anal intraepithelial neoplasia (AIN; graded 1-3) [3, 4] . AIN2 and AIN3, or high-grade AIN (HGAIN), can progress to invasive anal SCC, whereas AIN1, or low-grade AIN, is not seen as a real cancer precursor [4, 5] . Only limited data on the malignant progression of HGAIN exists, showing progression to anal cancer in only a minority of HGAIN cases (1 per 377 per year in HIV+ MSM in the combination antiretroviral therapy era) [2] . However, this results in a lifetime risk of approximately 10% of developing anal cancer [5] .
HGAIN is found in 20-40% of all HIV+ MSM [2] . Highresolution anoscopy-guided biopsies with histopathological evaluation of lesions is the gold standard for identifying AIN, and ablative treatment of HGAIN to prevent cancer is highly recommended [4, 6] . The current practice of screening and treatment of HGAIN in HIV+ MSM is, however, far from ideal, because high-resolution anoscopy is difficult, costly, burdensome to the patient, and recurrence rates after treatment are high [6, 7] .
Alternative screening methods have been evaluated. Anal cytology has, depending on the cytological cut-off point, either too low sensitivity or too low specificity for HGAIN detection [4] . HPV testing provides poor specificity, since multiple hrHPV are frequently found in HIV+ MSM [4] . HPV messenger ribonucleic acid (mRNA) analysis, HPV16/18 genotyping, and p16/Ki-67 dual staining also yielded suboptimal sensitivity and specificity in detecting HGAIN [8] . In addition, considering that only a small proportion of HGAIN cases will eventually progress to cancer, preferably only lesions with high malignant potential should be treated. Unfortunately, a marker that predicts the cancer risk is currently lacking. Therefore, in current clinical practice, all HGAIN lesions are treated, regardless of their malignant potential, resulting in significant overtreatment. Hence, there is an urgent need for biomarkers to accurately discriminate HGAIN cases that are at high risk of progression to cancer and in need of treatment, as opposed to HGAIN cases with low cancer risks.
Progression of HPV-induced precancerous lesions to invasive carcinomas is driven by an accumulation of genetic and epigenetic aberrations affecting host cell genes, resulting in the activation of oncogenes and/or inactivation of tumor suppressor genes [9] . Deoxyribonucleic acid (DNA) methylation is a type of epigenetic changes characterized by the addition of a methyl group to a cytosine located 5′ of a guanine in gene promoters. When promoter regions of tumor suppressor genes are hypermethylated, this generally leads to their inactivation. Therefore, DNA methylation, as an important epigenetic hallmark in HPV-induced carcinogenesis, could provide valuable biomarkers for the detection of anal (pre-)cancer [9] .
Our group and others have shown that, in the cervix, DNA methylation analysis of host cell genes allows the detection of high-grade cervical intraepithelial neoplasia (HGCIN) with high cancer risks and carcinomas [9] [10] [11] . Following the analysis of genome-wide methylation profiles in HPV-positive cell lines and clinical specimens, we have identified various methylated genes that are associated with HPV-induced carcinogenesis, including ASCL1, GHSR, SST, ST6GALNAC3, ST6GALNAC5, WDR17, ZIC1, ZNF582, and ZNF583 [11, 12] . Given the similar pathogenesis of cervical and anal cancers, we considered these methylation markers as potential candidates for the detection of HGAIN and anal cancer.
Limited research on host cell DNA methylation in anal carcinogenesis has been performed [13] [14] [15] . In the present study, we evaluated DNA methylation of the aforementioned 9 genes at the different stages of anal carcinogenesis and assessed their diagnostic potential for the detection of HGAIN and anal cancer in HIV+ men.
MATERIALS AND METHODS

Clinical Specimens and Ethics
This study involved a cross-sectional series of 148 formalin-fixed paraffin-embedded anal (pre-)cancer and control tissue samples, obtained in 133 HIV+ men. Anal SCC specimens of HIV+ men, obtained between 1986 and 2011 (n = 26, including 1 highly suspicious for infiltration, 1 basosquamous carcinoma, and 1 verrucous carcinoma; median age 48.5 years), were retrieved from the pathology archives of the Amsterdam University Medical Centers, location Academic Medical Center (AMC) and Onze Lieve Vrouwe Gasthuis (OLVG), both in Amsterdam. A total number of 88 archival AIN biopsy specimens (AIN1: n = 22, median age 48; AIN2: n = 42, median age 45; AIN3: n = 24, median age 47) of HIV+ men were obtained in the course of a triple-arm trial on AIN treatment (2008-2011), as published previously [7] . Normal anal epithelium (including reactive epithelium) served as normal control samples (n = 34; median age 52), after histopathological confirmation. These biopsies were taken from non-suspected anal epithelium in HIV+ men who had biopsies taken from suspected lesions during routine screening for anal (pre-)cancer in HIV+ MSM at the AMC in 2016. For some patients, multiple biopsies taken from different sites were included. The median ages of the patients at time of biopsies did not significantly differ between histological groups (Kruskall-Wallis omnibus test: P = .35).
This study followed the ethical guidelines of the Institutional Review Board of the AMC and was approved under reference numbers 17/151 (SCC), 07/318 (AIN biopsies), and 05/031 (normal control samples).
Human Papillomavirus and DNA Methylation Analysis
For sample processing, HPV testing, and details on DNA methylation analysis, see Supplementary Data. We analyzed 9 methylation markers using 3 multiplex quantitative methylation-specific polymerase chain reaction (qMSP) assays, each targeting 3 genes and the reference gene, β-actin (ACTB). A quantification cycle (Cq) threshold of <32 for ACTB indicated sufficient DNA and adequate bisulfite conversion [16] .
The ACTB quality control also showed that test performance was not related to sample age and all samples met the DNA quality criteria. Cq and ΔΔCq ratios were computed using the comparative Cq method. For GHSR, SST, and ZIC1, the target Cq values were normalized with the Cq value of reference gene ACTB (2 -ΔCq x 100) to obtain Cq ratios. For the remaining genes, ΔΔCq ratios were calculated by comparing the target Cq values to the Cq values of ACTB and of the calibrator (2 -ΔΔCq x 100) [17] .
Statistical Analysis
To visualize methylation levels per disease category, boxplots were computed from the log2 transformed Cq and ΔΔCq ratios. Differences in levels of DNA methylation between the disease categories were assessed using the Kruskal-Wallis omnibus test, followed by post hoc testing using the Mann-Whitney U test and by Bonferroni multiple testing correction in cases with significant results.
To assess the diagnostic performance of each individual methylation marker, measured by its ability to distinguish between cases (AIN3 and anal SCC; [AIN3+]) and controls (normal control samples and AIN1; [≤AIN1]), we applied univariable logistic regression analyses on square root-transformed Cq and ΔΔCq ratios [11] . Due to the relatively small sample size, we combined the AIN3 and SCC samples as 1 group (referred to as cases) in the logistic regression analysis. To define a marker panel with optimal performance and to account for the multicollinearity between the markers (evaluated by the variance inflation factor), we performed least absolute shrinkage and selection operator (LASSO) logistic regression. We evaluated the models by leave-one-out cross-validation (LOOCV), whereby for each sample a predicted probability is obtained by the model that was trained on the remaining samples. Predicted probabilities (values ranging from 0 to 1), representing the risk for an underlying AIN3 and SCC, were calculated per sample. The performance of the models was visualized using receiver operating characteristic (ROC) curves. Subsequently, the area under the curve (AUC) was calculated, and sensitivity and specificity were determined from an optimum threshold.
Statistical analyses were performed in R Statistical Software using packages ggplot2 and pROC (version 3.2.5; Foundation for Statistical Computing, Austria) and IBM SPSS Statistics software (version 22; IBM Corporation, Armonk, NY). Reported P values are 2-sided and a value ≤0.05 was considered statistically significant.
RESULTS
Human Papillomavirus Genotyping of Tissue Samples
Overall HPV positivity was high (93.2%), with all (100%) of the AIN (AIN1-3) biopsies showing HPV positivity. Moreover, 96.2% (25 of 26) of SCC and 76.5% (26 of 34) of normal control samples were HPV positive (see Table 1 for hrHPV types  and Supplementary Table 1 for all HPV types). Multiple HPV types were found in 38.1% of HPV-positive samples. Positivity for hrHPV types [18, 19] varied, with 27.3% in AIN1, 85.7% in AIN2, 95.8% in AIN3, and 88.0% in HPV-positive SCC. Interestingly, hrHPV was also found in 57.7% of HPV-positive normal control samples. The most predominant HPV type was HPV16, accounting for 42.9% of AIN2 and 79.2% of AIN3 lesions, and for 56.0% of all HPV-positive anal SCC. HPV16 was most often seen as a single infection. HPV genotyping data per sample are shown in Figure 3 .
Methylation Levels in Various Histological Categories of Anal Disease
Methylation levels of all 9 markers increased significantly with the severity of disease (Figure 1 ): that is, with progression from normal control samples/AIN1 through AIN2 and AIN3 towards anal SCC (Kruskal-Wallis omnibus test: P < 2 × 10 -6
).
In the majority of cases, a significant increase in DNA methylation was also observed between individual consecutive disease categories.
Fold changes in methylation levels (expressed as Cq/ΔΔCq ratio) for all genes increased with the severity of disease, compared to the reference (median of normal control samples and AIN1; Supplementary Table 2) .
Diagnostic Performance of the Individual Methylation Markers
Using univariable logistic regression analyses, we assessed the diagnostic performance of the 9 markers, measured by their ability to distinguish cases (AIN3 and SCC; [AIN3+]; n = 50) from controls (normal control samples and AIN1; [≤AIN1]; n = 56). All markers were able to significantly distinguish cases from controls (P < .001). The performance of the models, before and after LOOCV, is summarized in Table 2 and the corresponding ROC curves of the LOOCV are depicted in Figure 2 . Although all markers generally had good performance, the markers ASCL1, SST, ZIC1, and ZNF582 had an AUC > 0.85. ZNF582 performed best, with an AUC of 0.89. At the optimum predicted probability threshold (≥0.40), this translates to a sensitivity of 78% and a specificity of 93% while detecting all (26 of 26) anal cancers. Using this threshold, ZNF582 classified 54.2% of AIN3 (13 of 24), 42.9% of AIN2 (18 of 42), 13.6% of AIN1 (3 of 22), and 2.9% of normal control samples (1 of 34) as cases. The DNA methylation pattern of the 9 genes, depicted by predicted probabilities, is shown in Figure 3 . What can be noted is a heterogeneous pattern in AIN2 and AIN3, subsets of which have low methylation levels (green) and high methylation levels (red). Normal control samples have predominantly low methylation levels, whereas cancers have high methylation levels, both showing less heterogeneity. 1-3) ; Normal, normal control samples; SCC, anal squamous cell carcinoma. Differences between histological categories upon Kruskal-Wallis omnibus test, followed by post hoc testing using the Mann-Whitney U test and Bonferroni multiple testing correction: *P < .05, **P < .01, ***P < .001, NS: not significant.
Definition and Diagnostic Performance of a Marker Panel
To define a marker panel with optimal performance for [AIN3+] detection, we performed LASSO logistic regression. The LASSO model resulted in a panel of 5 markers (ASCL1, ST6GALNAC3, WDR17, ZIC1, and ZNF582) that yielded an AUC of 0.90 following LOOCV (Figure 2) . A predicted probability threshold of ≥0.38 to classify a sample as a case generated a sensitivity of 82% and a specificity of 91% for [AIN3+] ( (8 of 42), and 9.1% AIN1 (2 of 22) were classified as cases (see Figure 3 's black boxes).
DISCUSSION
We investigated HPV's presence and host cell DNA methylation in the multistep pathway of anal carcinogenesis using a unique cross-sectional series of anal tissue samples of HIV+ men. HPV genotyping of all anal tissue samples revealed a high overall HPV positivity. The HPV16 prevalence increased towards AIN3, and was detected in the majority of SCC, though at a lower prevalence than published in a recent meta-analysis [20] . Using qMSP, 9 methylation markers were evaluated for their diagnostic performance in the detection of AIN3 and anal cancer. All markers showed a significant correlation between methylation level and the severity of disease, reaching the highest methylation levels in SCC. This indicates that DNA methylation of these genes is associated with disease progression during anal carcinogenesis. Investigating their diagnostic performance (ie, to detect AIN3 and SCC), we identified 4 genes that, after LOOCV, had an AUC > 0.85 (ASCL1, SST, ZIC1, and ZNF582). Of these genes, ZNF582 had the highest AUC (0.89), showing good sensitivity (78%) and specificity (93%) and detecting all cancers. Our effort to compose an optimal marker panel resulted in a panel of 5 markers (ASCL1, ST6GALNAC3, WDR17, ZIC1, and ZNF582) that showed similar diagnostic performance as ZNF582, albeit with higher sensitivity, as the panel classified several AIN3 samples as cases, which were missed by ZNF582 alone. Given the preferred use of a maximum of 3 markers that can be tested in a single multiplex qMSP assay, the AUC values and predicted probabilities (Figures 2 and 3) indicate that a marker panel consisting of ZNF582 combined with ASCL1 and/ or ZIC1 is most likely the optimal choice for further validation studies [16] .
Natural history data suggest that HGAIN cases, similar to HGCIN cases, encompasses a heterogeneous group of lesions, of which only a small proportion will eventually progress to anal cancer [2, 5, 11, 22, 23] . Ideally, we should be able to identify, and subsequently treat, only those HGAIN cases with high malignant potential. We are among the first to show that histopathologically similar AIN2 and AIN3 lesions display heterogeneous methylation patterns. Part of the AIN2 (19%) and AIN3 (63%) samples showed high methylation levels and a so-called cancer-like methylation profile, while the remaining HGAIN samples demonstrated low or intermediate methylation levels. Similar results have been seen in HGCIN, where methylation markers were found to have an extremely high sensitivity for detecting HGCIN with a longstanding preceding HPV infection (>5 years), indicating a high short-term cancer risk [9, 10, 21, 23] . These methylation markers have now been clinically validated for the detection of so-called "advanced HGCIN" and cervical cancer in women with hrHPV-positive cervical scrapes and self-collected cervico-vaginal specimens [24] [25] [26] .
Since we analyzed a cross-sectional series of HIV+ anal samples, and longitudinal follow-up is missing, we cannot prove that HGAIN samples with a cancer-like methylation profile do, indeed, have a higher risk of progression to cancer compared to HGAIN samples characterized by low methylation levels. Hence, further research on the role of host cell methylation during the longitudinal course of anal carcinogenesis is warranted. Restriction of treatment to HGAIN cases with a high risk of progression to cancer could resolve the current problem of overtreatment of HGAIN lesions with low carcinogenic potential.
Until now, remarkably limited research on DNA methylation in anal carcinogenesis has been performed. Only 2 studies have demonstrated the value of increased methylation of several other host cell genes in a limited set of anal cancer and HGAIN samples, compared to controls [13, 14] . Another 2 additional studies on viral DNA methylation showed a heterogeneous pattern of HPV16 upstream regulatory region methylation in AIN, although its application for HGAIN detection remains to be established [27, 28] . In contrast, our study was based on DNA methylation of host cell genes, making it HPV-genotype independent and, therefore, also accounting for non-HPV16-related HGAIN and SCC cases. A recent study combined methylation analyses of several hrHPV types and a single host cell gene (EPB41L3), presenting a reasonable performance for detecting HGAIN and SCC, yet only analyzing 5 cancer samples [15] . A prominent strength of our study is the relatively large sample size, with 148 anal tissue specimens that represent the complete spectrum of anal carcinogenesis. We recognize that, by focusing on HIV+ men in this study, our data cannot be directly extrapolated to the general population or to other risk groups, such as HIV-negative MSM, HIV+ women, women with a history of HPV-induced (pre-)cancer, or otherwise immunocompromised patients.
We believe another future application of methylation marker testing in anal (pre-)cancer screening would be on less-invasive anal swabs instead of biopsies, to triage men at an even earlier stage. As a result, the burdensome high-resolution anoscopy procedure and biopsies could then be withheld in men with a negligible risk of anal cancer development based on methylation analysis from the swab. In this manner, anal cancer screening can be patient-friendlier and likely also more (cost-)effective, improving the quality of life of HIV+ MSM.
In conclusion, we established that host cell DNA methylation is significantly associated with anal carcinogenesis. HGAIN samples revealed a heterogeneous methylation pattern, with histopathologically similar AIN2 and AIN3 lesions showing either low methylation levels or a cancer-like methylation pattern. We identified several methylation markers, such as ASCL1, ZIC1, and ZNF582, with good diagnostic performance for the detection of SCC and AIN3 with a cancer-like methylation pattern, suggestive of a higher cancer risk. Further validation studies are warranted to verify their potential as biomarkers for the screening and management of HIV+ MSM at risk for anal cancer.
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Supplementary materials are available at Clinical Infectious Diseases online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author. Figure 3 . DNA methylation pattern of the 9 methylation markers and the optimal marker panel (ASCL1, ST6GALNAC3, WDR17, ZIC1, ZNF582; based on LASSO; rows) per histological category. Predicted probabilities are shown per sample (column) in the different histological subgroups and colored from green (predicted probability of 0) to red (predicted probability of 1) based on LOOCV. In each group, samples are ordered based on their average predicted probability (Avg PP). HPV genotypes were found per sample in whole tissue sections. Black boxes represent samples detected using the optimal marker panel (classified as case by LASSO using predicted probability threshold ≥0.38). Abbreviations: AIN, anal intraepithelial neoplasia (grades 1-3); HPV, human papillomavirus; LASSO, least absolute shrinkage and selection operator; LOOCV, leave-one-out cross-validation; Normal, normal control samples; SCC, anal squamous cell carcinoma; und, undetermined.
